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ABSTRACT 
A im: Promot er methylation of LINE-1 may be affected by prematurity, but there is little evidence in 
the literature. 
Materials & methods: Blood fr om pr ematur e and full-t erm neonat es on day s 0, 5, 30 and 90 
was analyzed for DNA methyla tion percen tage in a promoter region of the LINE-1, after bisulfite 
conversion and pyrosequencing. 
Results: Pr ematur e infants, as a whole, showed significantly lower methylation percentage at birth, 
but this difference diminished over time. However, the subgroup of extremely premature ( < 28 weeks 
gestational age) had higher methylation percentages, similar to full-term newborns. 
Conclusion: This r esear ch underscor es the critical r ole of pr ema turity on the methyla tion pa ttern 
of LINE-1. These findings underline the complexity of epigenetic regulation in prematurity and 
emphasize the need for further studies. 

PL AIN L ANGUAGE SUMMARY 
Pr ematur e birth can have significant effects on a baby’s development and long-term health. This 
study investigates how being born prematurely affects a process called DNA methylation, which can 
influence how genes are turned on or off. Specifically, we examined the LINE-1 promoter, a frequently 
occur r ing region of DNA known for its role in regulating gene activity. 
We c ollect ed blood samples fr om both pr ematur e and full-ter m newbor ns a t birth and a t several 
points in the early months of life. Our findings showed that pr ematur e babies hav e low er lev els 
of LINE-1 promoter methylation at birth compared with full-term babies. These differences in 
methylation could possibly affect the babies’ development and health as they grow. 
Our r esear ch highligh ts the need for con tinued study in this ar ea to explor e how these epigenetic 
changes impact long-term health and to develop strategies to mitigate these effects. 

TWEETABLE ABSTRACT 
Pr ematur e neonates show lower LINE-1 methylation at birth, which increases to full-term newborn 
lev els ov er the first days of life. Our study highligh ts the impact of prema turity on initial epigenetic 
configura tion. #Prema turity #Epigenetics #DNAmethyla tion 
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. I ntro duction 

lobally, one in every ten neonates is born pr ematur ely
before 37 weeks of gestation) [ 1 ]. This situation is
larming, with about 1 million pr ematur e infants dying
nnually due to complications from early birth, making
rematurity the leading cause of death among children
nder 5 years old in the w orld [ 2 ]. Pr ematurity is
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ca tegorized in to thr ee lev els, depending on gestational
age: extr emely pr ematur e ( < 28 weeks of gestation), very
pr ematur e ( ≥28 to < 32 weeks of gestation) and moder-
a tely prema ture ( ≥32 to < 37 weeks of gestation) [ 3 , 4 ]. 

Recent r esear ch has explor ed the connection betw een
prematurity and epigenetics, highlighting how epige-
netic modifications can influence susceptibility to pre-
ma turity and associa t ed health out c omes [ 5 , 6 ]. The
rg 
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 rowing int erest in epigenetic v aria tions has led to
ig nificant disc overies about their association with a
ide range of diseases, including aut oimmunity, canc er,

ntellectual disabilities, endocrine and neur opsy chiatric
isorders [ 5 , 7 , 8 ]. These findings highlight the critical role
f epigenetics in understanding the molecular basis of
arious health conditions [ 9 ]. Concurrently, transposable
lements (TEs), DNA sequences capable of moving within
he genome, have been the subject of intense research.
ong Interspersed Nuclear Elements (LINE-1) make up
bout 18% of the genomic DNA and are autonomous
 etr otransposons [ 10 , 11 ], and consist of a promoter
equence, two ORFs and a poly - A tail [ 12 , 13 ]. This elemen t
lays a vital role in generating genetic material mosaicism

n neuronal cells and is associated with genomic insta-
ility and brain development [ 14 ]. Although most LINE-
 elements in the human genome ar e inactiv e, a small
umber are still mobile and can cause significant genomic
 aria tions [ 12 , 14 , 15 ]. 

During embryonic development, active LINE-1 ele-
ents can be expressed in stem cells and influence gene

egulation and cellular diversity, playing a significant
 ole in embry ogenesis [ 16 ]. They c ontribut e t o genetic
iversification and adapt to the specific demands of
iffer ent dev elopmental stages [ 17 ]. How ev er, excessiv e
r deregulated activity of LINE-1 can be harmful, leading

o mutations, disruptions in gene expression and cellular
ysfunction, resulting in abnormalities in embryonic
evelopment and congenital disorders [ 14 , 18 , 19 ]. The
INE-1 promoter is often used to assess the global
ethyla tion sta tus of the genome [ 20 , 21 ]. Changes

n the methylation of these r epetitiv e elements can
nfluence genomic stability and gene expression, offering
 aluable insigh ts in t o epigenetic alt era tions tha t affect
he genome in different c ont exts, such as embryonic
evelopment, aging and diseases [ 22 , 23 ]. Intragenic LINE-
 methylation plays an essential role in controlling gene
xpr ession during dev elopment [ 16 , 17 ]. Although LINE-1
lements are abundant in the genome, the majority are
 
′ truncated and do not contain a functional promoter
egion [ 24 , 25 ]. This study aims to specifically measure
he methylation in the pr omoter r egion of LINE-1, which
ctually r epr esents only a fraction of the LINE-1 loci in the
enome. 

Prematurity has been linked to various adverse
ealth out c omes lat er in life, including respirat ory
r oblems, neur odev elopmental disor ders and metabolic
iseases [ 26 ]. Epigenetic modifications, such as changes

n DNA methylation, play a significant role in mediating
hese long-term effects [ 5 ]. Investigating the methylation
rofile of the LINE-1 element in prema ture infan ts is

mportant for understanding the impact of epigenetic
odifications on neonatal health and development.
Analyzing LINE-1 methylation aids in comprehending
how exposure to adverse conditions in premature birth
influenc es infant epigenetics, pot entially leading t o
unfavorable health out c omes [ 11 , 27 ]. Fact ors such as
ma ternal stress, inflamma tion and inadequa te nutrition
during pregnancy can affect f etal DNA meth ylation,
with LINE-1, a common r epetitiv e element in the
genome, being particularly sensitive to these epigenetic
changes [ 28 ]. Mater nal nutr ient deficiencies, particular ly
in methyl donors such as folic acid , hav e been shown
t o sig nificantly influenc e the epigenetic landscape
of the developing fetus [ 29 ]. Adequate levels of folic
acid during pregnancy are crucial for proper DNA
methylation processes, including those involving
LINE-1 elements [ 30 ]. Deficiency in these nutrients
can lead to h ypometh yla tion, which is associa ted with
various adverse developmental out c omes, including
increased susc eptibility t o pr ematurity and its r elated
complications [ 31 , 32 ]. 

The primary aim of this study is to describe the
methyla tion percen tage pa ttern of the LINE-1 promoter
in full-term and preterm neonates at different time points
following birth. 

2. Materials & methods 

2.1. Study design, study population & ethics 

This is an observ a tional , longitudinal and pr ospectiv e
study involving 46 preterm (less than 32 weeks gesta-
tional age, ≤1,500 g and appropriate for gestation age)
and 49 full-term newborns from a cohort born between
April 2018 and May 2019, previously described [ 33 ]. The
gr oup of pr ematur e infan ts w as subdivided in to two
subg roups, ac c ording t o the World Health Organization
classifica tion ( h ttps:// www.who.int/ news-room/ fact-she
ets/detail/pr eterm-birth ): (1) v ery pr eterm (28 to less than
32 weeks gestational age) and (2) extremely preterm
(less than 28 weeks). Gestational age was pr imar ily
determined by first -trimester ultr asound or, in cases
where this was unavailable, by the estimate provided
by the last menstrual period and by the Capurro or
Ballard clinical assessment methods [ 34 , 35 ]. Newborns
with major congenital malformations, clinical suspicion
or laborat ory c onfirmation of genetic syndr omes w er e
excluded . Data fr om patients who died w er e consider ed
up to the point of their participation. The study was
appr ov ed by the Research Ethics Committees of the
institutions inv olv ed , and all par ents or legal guar dians
c onsent ed t o their childr en’s participation thr ough the
sig nature of writt en informed c onsent . A ll data have been
anonymized. 

https://www.who.int/news-room/fact-sheets/detail/preterm-birth
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.2. Biospe cimen colle ction 

lood samples, totaling 1 to 2 ml from the umbilical
ord at birth or 0.5 ml from peripheral veins on the fifth
ay post-birth, at 1 month of age and upon hospital
ischarge, w er e c ollect ed in tubes containing potassium
DTA as an an ticoagulan t. After collection, the material
as stored in refrigera tors a t 4–8 ◦C for up to 48 hours.

hen, the tubes w er e transported in thermal boxes, main-
aining a temperature range of 2–8 ◦C, to the epigenetic
aboratory, where blood from each tube was divided into
.5 ml aliquots, promptly identified and stored in an ultra-

reezer at -80 ◦C until further processing stages. 

.3. Global (LINE-1) DNA methylation analysis 

he DNA was ex trac ted from blood mononuclear cells
mploying the DNeasy Blo o d & Tissue Kit (Qiagen, Hilden,
ermany). Subsequen tly, the quan tit y and purit y of the
NA w er e assessed using a NanoD rop 

TM spec trophotome-
er 2000c (ThermoFisher Scientific , M A, USA). Following
his, 1000 ng of DNA underwent bisulfit e c onversion uti-
izing the EZ-96 DNA Methylation Kit (Zymo R esearch, C A,
SA). Per the manufacturer’s prot oc ol, the c onvert ed DNA
as eluted with 24 μl of the M-elution buffer. Ne xt , 2 μl
f bisulfit e-c onvert ed DNA was amplified via PCR using

he PyroMark PCR kit (Qiagen) in a total volume of 50 μl,
ncluding 0.2 μM of pr imers and P yroMar k PCR Master

ix. Confirmation of DNA amplification was achieved
hrough 3% agarose gel electrophoresis. Biotinylated PCR
roducts in a total volume of 10 μl w er e immobilized
n 3 μl of magnetic streptavidin-coated Sepharose
eads (P yroMar k Q48 Magnetic B eads). Subsequently,
yrosequencing was performed using PyroMark Q48
dv anced CpG reagen ts on the P yroMar k Q48 Autoprep
y st em (both from Qiagen). The methylation percentage
f each CpG site was automatically generated utilizing

he P yroMar k Q48 Autopr ep Softwar e (v. 2.4.2) with
tandard quality control settings. The design of PCR and
yrosequencing primers was carried out using P yroMar k
 ssay Desig n 2.0 (Qiagen). 

.4. Selection of the t ar get region 

he four CpG sites examined (CpGs 21, 22, 23 and 24) w er e
nvestigated using the revised genomic consensus for the
pG island region in the LINE-1 promoter in humans (L1-
S) [ 36 ]. The primers design was performed to ensure

hat the amplified r egion w ould be compatible with the
arameters of the P yroMar k Q48 Autoprep from Qiagen

Hilden, Germany), spanning from nucleotide 222 to 360,
 orresponding t o the ac c ession c ode X58075.1 in the
CBI GenBank ( Table 1 ). 
2.5. St atistical analy sis 

The da ta rela t ed t o the studied samples w er e cataloged
and organized in .csv format, and all statistical pr ocedur es
w er e c onduct ed using the Python 3.7 prog ramming
language (Python Software Foundation, Wilmington,
Delaware, USA) in a Jupyter Notebook environment. The
pr imary librar ies utiliz ed included Pandas, Nump y, Scip y
and Seaborn. In the descriptive analysis of the epidemio-
logical and clinical characteristics of the pregnant women
and the term and preter m newbor ns , the Mann- Whitney
U test was applied for numerical variables and the chi-
square test or Fisher’s exact test for categorical variables.
For the descriptive analysis of methylation percentage,
con tinuous v ariables w er e pr esented as median and
interquartile ranges of 25% and 75% or mean and
standard deviation, depending on the data distribution.
Median comparisons between gr oups w er e conducted
using the Mann-Whitney test. The results of global
methylation w er e visualized in box plot and violin plot
g raphs. The t emporal evolution of methyla tion a t each
CpG site was determined by the average methylation for
each group, with the data plotted in point graphs and a
trend line obtained through linear regression, including
R 

2 , slope and p -value estimat es. A sig nificanc e level of
0.05 was established for all analyses. 

3. Results 

3.1. Epidemiological & clinical characteristics of the 
study population 

The main epidemiological and clinical characteristics
of the study population are presented in Table 2 .
The families of pr ematur e newborns had lower family
income ( p = 0.023), but the other socio-economic and
demographic variables w er e similar between preterm
and t erm g r oups. Regar ding gestational health, except
for the number of prenatal consultations, which was
pr oportionally gr eater the higher the gestational age,
the other variables w er e similar between the groups.
Regar ding birth-r ela ted and an thropometric v ariables,
the sig nificant differenc es found are explained by ges-
tational age, and the distribution by sex had a similar
pr oportion betw een the tw o gr oups. 

3.2. Methyla tion percentage a t different time points

The methylation levels are presented in Table 3 , where
the medians of methyla tion a t each site (site-specific
methylation) and the global methylation at the four
sites studied (CpG 1 to 4) ar e observ ed . A t birth (D0),
significantly higher percentages of methylation w er e
observed in the group of full-term newborns, both site-
specific and global. On the fifth day of life (D5), the
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Table 1. Target region used for primers design covering nucleotides 222 to 360, corresponding to the ac c ession c ode X58075.1 
in the NCBI GenBank. CpG sites of interest numbered and highlighted in bold. 

Nucleotide No. Nucleotide sequence 

222 GTTC C CTTT C C GA GTCAAA GAAA GGGGTG A CGGA CGCA C CT GGAAAAT C 
271 GGGT CACT C C CAC C C GAATA TTGC GCTTTT CA GA C C 1 G GCT TAA GAAA C 2 G G 
321 C 3 G C ACC A C 4 G A GACT AT ATCC C AC ACCT GGC T CAGAGGGT C 

Table 2. Epidemiological and clinical characteristics of pregnant women. preterm and term newborns. 

Characteristics Preterm (n = 46) Full-term (n = 49) p -value 

Maternal age (years): median (IQR) 31 (25.2–34) 28 (24–34) 0.197 a 

Ma ternal educa tion (years): n (%) 0.474 b 

1–4 1 (2.2) 0 (0) 
5–8 7 (15.2) 9 (18.4) 
9–11 8 (17.4) 13 (26.5) 
> 12 30 (65.2) 27 (55.1) 

Family income (BRL minimum wage): n (%) 0.023 b 

< 1 13 (28.3) 4 (8.2) 
1–2 17 (37) 28 (57.1) 
> 2 16 (34.8) 15 (30.6) 

Ethnicit y : n(%) 0.114 b 

White 18 (39.1) 22 (44.9) 
Black 13 (28.3) 5 (10.2) 
Mixed race 15 (32.6) 22 (44.9) 

Health conditions 
Smoking: n (%) > 0.999 c 

No 44 (95.7) 46 (93.9) 
Yes 2 (4.3) 3 (6.1) 

Alc ohol c onsumption: n (%) 0.323 c 

No 42 (91.3) 48 (98) 
Yes 4 (8.7) 1 (2) 

Perina tal consulta tions: median (IQR) 5 (4–7) 9 (7–10) < 0.001 a 

Gestational age (weeks): median (IQR) 28.5 (27–30) 39 (38–40) < 0.001 a 

Apgar score (1 min): median (IQR) 7 (4.25–8) 8 (8–9) < 0.001 a 

Apgar score (5 min): median (IQR) 8.5 (8–9) 9 (9–9) < 0.001 a 

Sex: n (%) 0.634 b 

Male 25 (54.3) 29 (59.2) 
Female 21 (45.7) 20 (40.8) 

Birth weight (g) < 0.001 a 

Mean (SD) 1074.5 (290) 3393 (385.0) 
Median (IQR) 1075 (860–1345) 3320 (3150–3575) 

Length (cm) < 0.001 a 

Mean (SD) 35.9 (1.8) 48.9 (3.4) 
Median (IQR) 36.4 (34–37.5) 49 (47.5–49.6) 

Head cir cumfer ence (cm) < 0.001 a 

Mean (SD) 26 (2.4) 34.4 (1.5) 
Median (IQR) 26 (24.6–28) 34 (33.5–35) 

a Mann-Whitney U test. 
b Chi-square test. 
c Fisher’s exact test. 
BRL: Brazil; IQR: Interquartile range. SD: Standard deviation. 
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ifferences in the percentage of methylation between
he gr oups decr ease, r emaining significantly higher in
he full-ter m newbor n g roup only at sit es 2 and 4. The
ifference in global methylation did not reach statistical
ig nificanc e but resulted in a marginal p -value of 0.053.
igure 1 graphically illustrates the distribution of the
lobal percentage of LINE-1 methylation in the full-

erm and preterm neonates group at birth (D0) and
n the fifth day of life (D5), using violin plot box
iagrams. Table 4 provides a detailed overview of LINE-
 methylation levels in full-term newborns (only D0 and
5) and in preterm neona tes, stra tified in to the two
studied groups according to gestational age: extremely
preterm (less than 28 weeks) and very preterm (28 to
less than 32 weeks). Statistically significant differences
observed on D0 and D5 between the full-term and very
pret erm g roups are represent ed in Figure 2 and described
mor e compr ehensiv ely in the following par agr aphs. In
Figure 2 (panels A and B), comparisons are shown
between the percentage of global LINE-1 methylation
at D0 and D5 among full-term and preterm infants,
now stratified ac c ording t o gestational age into very
pr eterm and extr emely pr et erm. In panel A, a sig nificant
difference in LINE-1 methylation is observ ed betw een full-
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Table 3. Comparison of median methylation percentages between term and preterm infants at different time points. 

Full-term (%) (IQR) Preterm (%) p -value a 

D0 
Full-term (n = 49) 
Preterm (n = 45) b 

CpG1 69.5 (68.2–70.7) 68.0 (66.45–70.4) 0.038 
CpG2 65.7 (64.4–67.3) 63.6 (64.47–67.3) < 0.001 
CpG3 69.7 (64.4–67.3) 68.3 (64.47–67.3) 0.012 
CpG4 78.0 (64.4–67.3) 75.2 (64.47–67.3) < 0.001 
CpG 1–4 70.9 (69.5–71.8) 68.1 (66.3–71.5) 0.002 

D5 
Full-term (n = 40) 
Preterm (n = 40) c 

CpG1 70.4 (69.3–71.5) 69.8 (68.6–71.1) 0.112 
CpG2 66.5 (65.7–67.4) 65.9 (64.4–66.8) 0.020 
CpG3 70.4 (69.5–71.2) 70.4 (69.5–71.5) 0.931 
CpG4 79.5 (78.4–80.3) 78.6 (77.3–79.4) 0.010 
CpG 1–4 71.8 (71.1–72.4) 71.1 (70.0–72.1) 0.053 

D30 
Full-term (n = 0) 
Preterm (n = 36) c 

CpG1 N/A 70.7 (70.0–71.7) 
CpG2 N/A 66.0 (65.3–67.3) 
CpG3 N/A 71.2 (70.4–72.1) 
CpG4 N/A 79.5 (78.5–80.2) 
CpG 1–4 N/A 71.6 (71.1–72.8) 

D90 
Full-term (n = 0) 
Preterm (n = 34) c 

CpG1 N/A 70.4 (69.8–71.1) 
CpG2 N/A 66.4 (65.6–67.2) 
CpG3 N/A 70.3 (69.6–71.5) 
CpG4 N/A 78.3 (77.9–79.1) 
CpG 1–4 N/A 71.3 (71.0–72.3) 

In bold: median percentage methylation for all CpGs (CpG 1-4) in full-term and preterm newborns. 
a Mann-Whitney U test. 
b One D0 sample could not be processed in the pr ematur e newborn group. 
c The difference to the initial “n” represents samples lost to follow-up. 
D0: Day of birth; D5: Fifth day of life; D30: Thirtieth day of life; D90: Ninetieth day of life; IQR: Interquartile range; N/A: Not available. 

A Global methylation at D0 Global methylation at D5

p = 0.002 p = 0.053
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Figure 1. Distribution of global methylation percentage in full-term and preterm newborns. At birth (A) , significantly higher 
methyla tion perc entages w er e observ ed in the full-term newborn gr oup. This per centage was still higher on the fifth day of life (B) , but 
the difference between the groups did not show statistical significance, although with a marginal p -value. 

Table 4. Comparison of global LINE-1 methylation percentage among full-term, very preterm 
a and extremely preterm infants b . 

Time n Group % of global methylation in LINE-1 (IQR) Comparison with full-terms 
( p -value) 

Comparison with very 
preterm ( p -value) 

D0 49 Full-term 70.92 (69.55–71.88) 
31 Very preterm 67.21 (64.72–71.14) < 0.001 
14 Extr emely pr eterm 70.58 (67.70–71.52) 0.376 0.082 

D5 40 Full-term 71.80 (71.05–72.40) 
29 Very preterm 71.06 (69.32–71.77) 0.021 
11 Extr emely pr eterm 71.66 (71.06–72.28) 0.81 0.112 

D30 25 Very preterm 71.54 (71.05–72.50) 
11 Extr emely pr eterm 72.50 (72.04–72.84) 0.164 

D90 24 Very preterm 71.19 (70.64–71.53) 
10 Extr emely pr eterm 71.94 (71.21–72.55) 0.052 

a Very preterm: 28 to less than 32 weeks gestational age. 
b Extr emely pr eterm: less than 28 w eeks gestational age. 
D0: Day of birth; D5: Fifth day of life; D30: Thirtieth day of life; D90: Ninetieth day of life; IQR: Interquartile range; n: Number of samples in each group. 
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Figure 2. Distribution of global methylation percentage in term newborns, very preterm (28 to less than 32 weeks gestational age), and 
extr emely pr eterm infants (less than 28 w eeks gesta tional age) a t birth (A) , on the fifth day of life (B) , on the thirtieth day of life (C) and 
the ninetieth day of life (D) . In panel A, a significant difference in methylation is observed between full-term and very preterm 

neonates, which is not observed between very preterm and extremely preterm. Extremely preterm infants had a methylation 
percentage closer to full-term newborns than to very preterm ones (not statistically significant). In panel B, the difference in global 
methylation between full-term and very preterm infants is still statistically significant, although not significant between very preterm 

and extremely preterm infants, as well as between full-term infants and extremely preterm infants. In panels (C & D) , there were no 
differences in the global methylation percentage between the subgroups of preterm infants, although the p -value on D90 (D) 
approached statistical significance. 
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 erm neonat es (70.92%) and v ery pr eterm ones (67.21%),
ndicating a strong association betw een pr ematurity and
 lower methylation perc entage. However, c omparing
 ery pr eterm and extr emely pr eterm infants show ed
o sta tistically significan t differ ence. Extr emely pr eterm

nfants had a median of 70.58% methylation, closer to
ull-ter m newbor ns than to v ery pr eterm ones, although
his differenc e t o full-t erm neonat es w as not sta tistically
ignificant ( p = 0.376). In panel B, it is observed that on D5,
he difference in global methylation per centage betw een
ull-term infants and very preterm infants is still statisti-
ally significant ( p = 0.021), a sig nificanc e when full-term
infants w er e compar ed with the whole gr oup of pr eterm
infants ( p = 0.053, Table 3 & Figure 1 ). However, the
differ ence betw een v ery pr eterm infants and extremely
preterm infants was not significant ( p = 0.112), as well as
between full-term infants and extremely preterm infants
( p = 0.81). In panels C and D ( Figure 2 ), comparisons
are shown only between the strata of very preterm and
extr emely pr eterm infan ts, a t D30 and D90, r espectiv ely.
Ther e w er e no sta tistically significan t differences in the
global methylation per centage betw een these groups
( p = 0.164 on D30 and p = 0.052 on D90), although the
p -value on D90 approached statistical sig nificanc e. 
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.3. Temporal evolution of DNA methylation in 

pret erm neonat es 

he temporal evolution of methylation in preterm infants
t the four specific CpG sites of the LINE-1 element (CpG1,
 pG2, C pG3 and CpG4), from birth (D0) to the ninetieth
ay of life (D90), is shown in Figure 3 . Although a positive
lope (r = 0.50 to 0.75) is observed at all four sites, this
ncr easing tr end was not sta tistically significan t. Similarly,
igure 4 displays the temporal evolution of global LINE-1
ethyla tion a t the four CpG sit es from birth t o 90 day s of

ife. A positive slope is observed, but the upward trend is
ot statistically significant (stationary). 

. Discussion 

his study r ev ealed significantly r educed LINE-1 methy-
ation levels in pret erm neonat es at birth compared

ith full-ter m newbor ns and that this pattern persists,
t least at CpG sites 2 and 4, on the fifth day of life.
e further demonstrated that this difference also occurs
hen comparing the overall methylation percentage
etween full-term newborns and the subgroup of very
ret erm neonat es across the four studied sit es. How ev er,

here appears to be a trend toward stabilization of LINE-1
ethylation levels in the group of preterm newborns over

he first 90 days of life, reaching values similar to those
ound in full-ter m newbor ns at birth, since the fifth day
nwards. 

Although the aim of this study was not to describe
he risk factors for prematurity, these factors may be
ssociated with epigenetic alterations, including those
f the LINE-1 element. We found lower family income in

he pret erm g roup, which is relat ed t o various c onditions
hat can negatively influence LINE-1 methylation, such
s exposure to air pollution, metals poisoning, inade-
uate diet, obesity, chr onic str ess and smoking [ 37–40 ].
onversely, a diet rich in vegetables and isoflavones,
inc supplemen ta tion and physical exer cise can positiv ely
nfluence this methylation [ 30 , 41–43 ]. Folic acid, espe-
ially when supplemented during pregnancy, not only
r ev ents the invasive behavior of the trophoblast and the

isk of pre-eclampsia but also has a positive effect on LINE-
 methylation [ 44 ]. 

Essentially, this study suggests a direct influence of
rematurity on the initial epigenetic configuration by
 ev ealing v aria tions in the methyla tion of specific CpG
ites of LINE-1, particularly lower in preterm infants
t birth. How ev er, the observ ed differ enc es seem t o
 ttenua te in the first days of life, indicating a process
f normalization in the epigenetic profile of preterm

nfants after birth, which ma y ha ve implications for under-
tanding neona tal developmen t in this group of pa tien ts.
urthermor e, although ther e is a positiv e inclination in
the percentage of LINE-1 methylation over time, this
pr ogr ession has not pr ov en to be a statistically signifi-
can t trend (sta tionary), which stabilized a t proportions
c omparable t o the values found in the full-t erm neonat e
gr oup fr om birth to the fifth day of life. This pattern
suggests ongoing adaptive or rec overy proc esses and
a possible pr ogr essiv e r efinement of the epigenome
(ma tura tion) in the first months of life, r egar dless of
prematurity. The higher the global levels of methylation
(LINE-1), the g reat er the capacity to maintain the structure
and sequence of the genetic material over time without
undesirable changes or significant mutations (genomic
int eg rity) [ 45 ]. Ther efor e, the dynamic natur e of this
methylation could reflect postnatal adaptations and
development for both term and preterm newborns, with
possible implications for both genomic stability and gene
expression. The analysis of these data opens a field for
discussion, r egar ding its biological implications and the
intersections between birth conditions, socioeconomic
c ont ext and neonatal health. 

An intriguing finding of our study was the high
percentage of methylation in the subgroup of extremely
pr ematur e newborns . C onsidering the g reat er prematu-
rity, the expected result would be the opposite: a lower
proportion of methylation in this group and a g reat er
differenc e, especially c onc erning full-t erm newborns, but
also r egar ding pr ematur e neonates of greater gestational
age. How ev er, wha t w as observed w as a percen tage
of methylation close to that of full-term newborns
and higher than that observed in the group of very
pr ematur e infants. Recent studies have highlighted that
LINE-1 activ a tion after fertiliza tion is crucial for global
chromatin ac c essibility in the ear ly embryo, particular ly
at the 8-cell stage. Inadequate LINE-1 activation can
result in preimplan ta tion developmen t defects and spon-
taneous abortion [ 16 , 19 , 46 ]. Thus, a high percentage of
methylation in the LINE-1 promoter (indicating lower
activity) ma y ha ve c ontribut ed t o extr emely pr ematur e
birth. In addition, some stressful fact ors associat ed with
extr emely pr ematur e birth may have influenced the LINE-
1 methyla tion sta tus, including epigenetic in teractions
with other genes, or simply the small number of pa tien ts
in this subgroup may have affected the statistical results.
In any case, future studies will be able to investigate this
aspect better. 

Prematurit y’s complexit y and impact on neonatal
dev elopment ar e vital topics in neonatal and pediatric
r esear ch. A r ec ent study c onduct ed by Fontana et al.
(2021) sheds light on the intersection between pre-
ma turity, DNA methyla tion in the LINE-1 element, and
the neuroc og nitive development of neonates [ 47 ]. The
authors found that the LINE-1 promoter was h ypometh y-
lat ed in pret erm neonat es a t birth, but this methyla tion
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as r estor ed due to early special maternal care, which
ay demonstrate the neonatal epigenome’s sensitivity

 o environmental fact ors, especially in pr ematur e infants.
urthermor e, the gr oup randomized t o enhanc ed mat er-
al care showed higher developmental scores at 12
nd 36 months of life than the standard care group.
his suggests not only that early special maternal care
ay r estor e LINE-1 methylation lev els in pr eterm infants

ut also that this is associated with better outcomes
n childr en’s neur oc og nitiv e dev elopment . A lthough we
tudied different subtypes of LINE-1 and the pr ematur e
nfant group received only standard care, we observed
estoration of LINE-1 methylation (values similar to those
f full-term newborns at birth) as early as the fifth day
f life, which remained stable (stationary trend) until
0 days. Not disr egar ding the possible benefit of special
are for the newborn and its positive influence on neu-
 odev elopment, our findings make it possible to wonder
hether the restoration of the LINE-1 methylation pattern
would occur as a natural adaptation process in premature
newborns. 

In our opinion, some points can be highlighted in
our findings: methyla tion w as investiga ted a t several
time in terv als (D0, D5, D30 and D90), which allows a
mor e compr ehensiv e view of the evolution of LINE-
1 methylation status in the neonatal period and first
months of life in pr ematur e infants; the sample size is
larger than previously studied; and the pyrosequencing
technique used (P yromar k Q48 Autopr ep) is mor e mod-
ern than the Sanger method , pr oviding gr eater pr ecision
and sensitivity . Unfortunately , due t o differenc es in the
techniques used and the CpGs analyzed (originating
fr om differ ent consortia: X58075.1 and L19092.1), the
methyla tion v alues iden tified by our study cannot be
dir ectly compar ed with those in the study of Fontana et al.
How ev er, both studies converge to highlight prematu-
rity as a significant factor that affects (reduces) DNA
methylation in the LINE-1 element, which may have
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in life. 
mplications for the neuroc og nitive development of these
a tien ts. 

The relationship between LINE-1 methylation and neu-
 ological and psy chiatric out c omes is an emerg ing t opic
n neuroscience and psychiatric research. The findings of
his r esear ch r egar ding low global methylation (LINE-1) in
ret erm neonat es, at least at birth and in the early days
f life, gain g reat er sig nificanc e when c onsidering rec ent
tudies tha t associa t e alt era tions in LINE-1 methyla tion
ith psychiatric diseases, including autism spectrum
isorder (ASD), post -tr aumatic stress disorder and panic
isorders [ 48 , 49 ]. These associations underscore the

mportance of studying the methylation state of LINE-
 as a potential biomarker and influencing factor in
he development of psychiatric conditions, especially in
he preter m newbor n population. Further more, some
tudies suggest that methylation status of r epetitiv e
lements like Alu and LINE-1 in humans is considered
 surrogate for global DNA methylation [ 20 ]. Applying
hese findings to the c ont ext of child neur odev elop-

ent raises c onc erns tha t low LINE-1 methyla tion in
reter m newbor ns, by implica ting global methyla tion,
ay also affect the expression of genes essential for

eur odev elopment. 
This study presents some strengths and limitations.

he main strength lies in the originality of investigating
global methylation (LINE-1) using an advanced genetic
sequencing technique in human samples of term and,
notably, preter m newbor ns . Among the limitations , we
highlight the c onvenienc e sample and the small sample
siz e, determined b y logistical and budgetary issues.
Assessing the exact statistical power became unfeasi-
ble due to the lack of preliminary studies that could
support an ac curat e calculation of the sample size; the
absence of data on the percentage of methylation for
full-ter m newbor ns at D30 and D90, as these sam-
ples w er e fully used in a pr evious study c onduct ed
with the same cohort [ 33 ], which made comparative
analysis at these time points impossible; the lack of
ev alua tion of poten tial tr ansgener ational inheritance in
LINE-1 methylation; and LINE-1 methylation serves only
as a marker of global DNA methyla tion. Consequen tly,
establishing its relationship with specific gene expression
is challenging. Thus, further r esear ch in this area may
show that changes in LINE-1 methylation can reflect
broader shifts in the epigenetic landscape, which may
influence gene expr ession, neur ological dev elopment
and other areas of human health. Therefore, studying
LINE-1 methylation in pret erm neonat es and following
these cohorts can provide valuable insights into brain
developmen t risks, men tal health and overall health la ter
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. Conclusion 

his study demonstra ted tha t preterm newborns exhibit
ow er methylation per centages in the promoter region
f the transposable element LINE-1 compared with full-

er m newbor ns at birth and in the first days of life,
eflecting the influence of prematurity on the initial
pigenetic configuration. How ev er, ther e appears to be
 tr end towar d stabilizing this per centage ov er the first
0 days of life in the pr eterm gr oup, suggesting a possible
ynamic process of epigenetic ma tura tion tha t could
e relat ed t o adaptations t o the postna tal environmen t.
hese findings underline the complexity of epigenetic
 egulation in r esponse to pr ematurity and emphasize the
eed for further studies that can link the epigenome to
hild development. 

Article highlights 

• Pr ematur e infants exhibit significantly lower levels of LINE-1 
promoter methylation at birth compared with full-term infants. 

• The subgroup of extremely premature newborns showed higher 
percentages of LINE-1 methylation than expected, greater than the 
v ery pr ematur e subgr oup and not significantly differ ent fr om 

full-term newborns. 
• These epigenetic differences suggest that prematurity affects the 

initial epigenetic c onfigura tion of newborns. 
• The study analyzed blood samples from both premature and 

full-term newborns collected at birth and at various time points in 
early life (D5, D30 and D90). 

• DNA methylation patterns w er e assessed using sodium bisulfite 
conversion and pyrosequencing techniques. 

• The study contributes to the growing body of knowledge on the 
epigenetic mechanisms underlying neonatal health challenges. 
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